ocal and regional land-use and land-cover change is an important ingredient in the larger problem of global environmental change. Land-use patterns, driven by a variety of social processes, result in land-cover changes that affect biodiversity, water and radiation budgets, trace-gas emissions, and other factors that, cumulatively, alter the global climate and biosphere. Most research on global environmental change has focused on the causes and impacts of global climate change and ozone depletion, with less attention to biodiversity trends. Land-use and land-cover studies have been entrained in this work only secondarily, for example, to calculate the rate of loss of tropical forests or to assess habitat fragmentation.
Existing models should be linked and then modified with new algorithms for sociocultural behavior and ecosystem response searchers studying global environmental change are calling for historical reconstructions of land use and cover, analysis of the social forces behind land transformations, and modeling approaches that can be linked to other types of environmental simulations, such as global climate models (Jacobson and Price 1991, Stern et al. 1992 ).
An integrated agenda for landuse/land-cover change research is emerging (Stern et al. 1992, Turner and Meyer 1991) , and a new International Geosphere-Biosphere Program (IGBP) core project has been initiated to assess and model regional-to-global land-use/land-cover change (Turner et al. 1993 ). As in many efforts to understand complex natural or social phenomena, the emerging land-use research agenda stresses simulation modeling as a tool that integrates theoretical and empirical analysis and offers some level of prediction capability.
Efforts to model environment and society interaction appear to be taking one of two strategic routes. The first is to build new models from the ground up, encapsulating into model design (as suggested by Robinson 1991) the currently quite limited theory on interaction between environment and society. The second route is to link existing simulation models. Our sense of existing model capabilities suggests that a hybridization of these two approaches will be most productive, with research groups linking existing models while also modifying them with new algorithms for sociocultural behavior and ecosystem responses.
At this stage in development of a land-use/land-cover component of research on global environmental change, it would be useful to think through a strategy for linking and modifying models in a way that integrates social and natural processes and translates conceptual schema into functioning simulation models. In this article, we evaluate the state of land-use studies and models, offer a conceptual schematic for integrated analysis, and suggest ways to implement the conceptual models using existing simulation models. We provide a regional context to this integration strategy by drawing on previous research into agricultural land use on the US Great Plains. score-keeping when demand for a more dynamic climatology developed in the 1970s, the study of land use is largely comprised of theoretical classification and mapping efforts. The needed transition from conventional land-use studies to a more analytical endeavor based on theory and modeling will be difficult, but it should be aided by growing attention to the role of landsurface processes in global change and by development of fields such as landscape ecology and of tools such as geographic information systems.
One way to hasten this transition is to link the theoretical aspects of land-use study with the field's descriptive and classificatory arm. Land-use has been depicted theoretically as an equilibrating process in which land value (or rent) is established by inherent characteristics (soils, climate, and slope), location (especially with regard to urban centers and transportation access), and supply and demand (Birch 1968 
Ecological and social systems in the Great Plains
The US Great Plains provide an excellent natural laboratory for examining the interaction of society and landscape given the solid base of existing regional ecological, agricultural, and social research that exists (Burke et al. 1991 , Riebsame 1990 ). The Great Plains are a natural grassland covering a roughly rectangular area bounded by the prairies and forests of the Mississippi Lowlands to the east, the Rocky Mountains to the west, the boreal forests in Canada to the north, and the desert shrublands of Texas and New Mexico to the south.
The Plains have experienced significant land-use change over the last century, as the original grasslands were transformed by dryland and irrigated agriculture and livestock grazing, and as population and development ebbed and flowed with the region's economic fortunes. Today, the region is characterized by a rather simple land-use matrix: more than 90% of the region is in agricultural use, divided roughly equally between cropping and grazing, with the remainder devoted to urban and suburban use, transportation facilities, energy development, and nature preserves (Riebsame 1990) .
A rich body of regional research describes how these land-use patterns have been shaped by climatic, economic, social, and policy factors (Kraenzel 1955 ). The dominant theme in this work has been the counterbalancing of aridity, as a limit to agricultural potential, and strong social and policy desires to create an extensive agricultural ecology and economy (Riebsame 1990 , Worster 1979 Within this matrix of climate and soil controls, a mosaic of land uses has emerged, dominated by heavily modified grazing lands, some residual native grasslands, and dryland and irrigated croplands. The eastern fringe of the original grassland was first cultivated by indigenous populations, but it was not until after the US Civil War that large-scale human settlement occurred. People were lured to the Plains by grants of land on which they were encouraged to grow flax, small grains, and corn.
Regional agricultural patterns have been extensively described (Smika 1992) . The Great Plains is the country's dominant winter and spring wheat production area (Smika 1992) , with a landscape marked by extensive, uniform blocks of wheat in a matrix of grazing lands. Wheat in the western Plains is grown in a summer fallow rotation in which each parcel is idled every other year, often in alternating crop and fallow strips orthogonal to the prevailing wind. The fallowed land stores moisture, enhancing subsequent crop growth despite typical summer dryness. Less than 10% of the regional crop area is irrigated; much of the irrigation is located along major rivers or in the central Plains, where groundwater is easily tapped. Grazing lands intersperse the crop areas, becoming more extensive from east to west as crop cultivation becomes more risky due to increasing aridity.
Although most agricultural landuse data for the Plains has been arrayed by county units (and thus are not readily linked to point or small-area data for ecological variables), spatially arrayed regional land-use and land-cover data sets are now being created. The Soil Conservation Service is creating a rich agricultural land-use and landcondition database as part of its Resource Conservation Act appraisals ( The common theoretical thread to this work has been a humanecological model in which people and institutions are likened to organisms adapting to their environment (e.g., Bennett 1982). In his classic work on family agropastoralists in the northern Plains, Bennett (1969 Bennett ( , 1982 Research on Great Plains agriculture suggests that a more-detailed conceptual schema for land-use modeling must have four component realms: driving forces in the human environment, driving forces in the physical environment, landuse decision processes, and ecological processes. Our attempt to create such a schema (Figure 1 ) includes these realms and also reflects existing modeling capabilities. We link the physical and human realms by modules representing existing models of agroecological processes and of farm and ranch management. The conceptual schema is designed not only to organize our thinking but also to provide guidance to a hybrid approach to land-use simulation modeling in which existing computer simulation models are linked and modified.
The physical-environment realm of the integrated model (Figure 1) is comprised of the traditional factors of climate, soils, and biogeochemical cycles. These factors feed into three ecological-process domains of an existing agroecosystem model: soil water dynamics, plant production processes (crop and grass growth), and soil organic matter dynamics (especially carbon fluxes).
The human environment side of the conceptual model encompasses the broad driving forces of policy (e.g., price supports and conservation programs), economy (e.g., demand, input costs, and commodity prices), and technology (e.g., production options and their likely adoption), as do other models. But, we suggest more attention to a ros- Useful modeling of land use must also explicate the interactions and feedbacks among land use, technology choices, and ecological processes. For example, farmers choose among cultivation practices that require varying levels of soil fertility and plant production and that simultaneously affect soil fertility and other biogeochemical states. Reduced tillage practices, by retaining more crop residue than conventional approaches, can increase soil organic matter. This increased fertility and water-holding capacity, once recognized by farmers, affects choices about chemical inputs and future uses of land parcels. These feedbacks, portrayed by arrows linking the four main elements of Figure 1 , must be explicitly modeled to achieve the needed integration of natural and social processes in future simulation models.
Making the conceptual model operational
Modeling skill varies across the social and ecological realms of Figure  1 . Interactions among climate, water, soil, and agricultural production are fairly well understood and expressed in validated simulation models. Resource-use decision models are based on well-described economic processes, and, indeed, land use is often explained exclusively in economic terms because of the ease with which monetary values and transactions are quantified. Simulation models validated for Great Plains conditions exist for each of these processes. We describe these models and suggest how they might be modified and linked to form the base of a new, integrated land-use model. Century's agriculture submodel has been tested using observed data on plant production, soil carbon, and nitrogen from several long-term agricultural experimental sites. At Pendleton, Oregon, and at a site in Sweden, the model successfully simulated the impact of different types of organic matter additions on crop production and carbon and nitrogen levels in the soil (Paustian et al. 1992 Schimel et al. 1991 ). These studies found that increased air temperature causes soil carbon and nitrogen levels to decrease, nutrient cycling rates and plant production to increase, and increased nitrogen gas fluxes (N2, N20 and NOx). The results suggest that potential losses of soil carbon and nitrogen from grasslands under global warming would be small compared with changes in soil organic-matter levels due to land-use changes, such as transforming grasslands into croplands (Burke et al. 1991 ).
Models of farm and ranch management. The land-use inputs necessary to an agroecological model must be calculated by simulating the choices made by farmers and ranchers in the context of market, policy, and sociocultural forces. Agricultural economists have developed models to explain and predict farmers' resource allocation decisions using two chief methods.
The econometric approach uses multiple regression to simulate response to a classic set of variables such as crop prices or land productivity. Although this method has been quite successful at simulating farm activities, it poorly captures conditions outside the range of historical observations and is thus illsuited to analysis of response to significant environmental changes such as global warming.
The other approach, called optimization modeling, attempts to mimic farmer decision making based on a priori rules. Optimization models assume that producers make profit-or utility-maximizing choices within an environment consisting of natural resource characteristics, available technologies, constraints on productive resources, input and product prices, and the constraints and incentives of government policy (see Day 
Modifying and linking ecological and social models
Agroecological models such as Century are naturally compatible with farm and ranch management models, inasmuch as the former need inputs about land use and technology, whereas the latter require inputs on fertility, production, and other ecological processes. Artificial fertilization is rather easily input to the agroecological model, and production can be readily input to farm management models, as suggested by arrows in Figure 1 . But a remaining difficulty in this data exchange is the need to account for temporal and geographic scale differences among social and natural processes.
Our conceptual model combines changes that operate at scales ranging from the hourly and daily (e.g., water dynamics) to the decadal (e.g., land-cover change). Ways to handle these differences must be developed. It may be necessary to run multiple versions of the model in an ensemble representing different response time scales, with accounting subroutines to keep track of the changes accruing at different time frames, for example, in soil fertility, vegetation cover, or government policy, and to reintroduce these changed conditions into future runs of the model. Ability to manage geographic differences in land-use modeling awaits further integration of geographic information systems and simulation modeling (Lee et al. 1992) . Although Century has been linked to a geographic information service (Burke et al. 1991 ), decision models have not.
Despite the complexity of multiple temporal and spatial scales, however, the greatest challenge to integrated land-use modeling lies in incorporating nonquantitative sociocultural factors to create more realistic and complete representations of farmers' decision making. Unlike knowledge of ecological and economic processes, most social science insights into how people transform their environment have not been translated into simulation models. Sociocultural factors, such as community norms, perceptions, and personal goals, have received little attention by modelers (Day 1987) .
The task of modeling sociocultural forces is difficult because humans act both as individual decision makers (as assumed in most econometric models) and as members of a social system. Sometimes these roles have conflicting goals (Etzioni 1988) . A unifying hypothesis that links the ecological and social realms, and an important reason for pursuing integrated modeling, is that humans respond to cues both from the physical environment (e.g., soil erosion) and from sociocultural contexts (e.g., conservation policy) and behave to increase both economic and sociocultural well-being (Knop 1987a,b 
Assessing regional change and sustainability
Integrated land-use models are needed to assess the effects of changes in major driving factors (e.g., climate, prices, policy, and people's attitudes). Some questions about regional landuse and land-cover change in an agricultural context that could be addressed in this way are: * How much and what kinds of land are likely to switch in and out of production under different market and policy conditions? * What land in different ecological classes is treated with cropping and grazing technologies that are ecologically sustainable (e.g., as measured by soil carbon balance)? Which of these land uses appear to be socially acceptable and sustainable? * What lands are most likely to switch out of production in a worsening climate and decreased government subsidy?
An obvious application of integrated land-use models to research on the human dimensions of global environmental change is to assess regional effects of climate change under different economic and policy situations. The agroecosystems modules would be used to simulate crop yields and soil fertility associated with global warming scenarios, and these would be introduced, along with economic and policy changes, into the farm management models to drive simulated land-use adjustments. Rather than prediction per se, the value of such modeling efforts comes from sensitivity analyses that assess the impacts of climate change across a range of economic and policy contexts. Such simulations would begin to identify the fingerprint of potential future environmental and social change in regions such as the Great Plains, and they would provide a firmer basis for global change monitoring and policy prescriptions.
Finally, integrated land-use models could also be used to explore the notion of regional sustainability. The long-term sustainability of Great Plains agriculture is in doubt, regardless of the potential for climate change (Popper and Popper 1987, Riebsame 1991) . We think that conflicting evaluations of regional development arise because sustainability has not been well defined and because analysts tend to focus on purely ecological or social factors, not their interaction. Indicators of sustainability (e.g., soil fertility and farm survival) should be calculated under different scenarios of technology, markets, and policy. Sensitivity analyses based on both traditional and innovative measures of sustainability could move researchers beyond arguments over definitions, while providing a foundation for assessing more encompassing sustainability goals such as ecosystem health and rural community well-being.
